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ABSTRACT 

0 

Literature data pertinent to the phenomena associated uith hypervelocity impact of rela- 
tively thin plates and the principles of meteoroid protection were given in Progress Report 
No. 1. The preliminary data resulbing f rom the impact of a cylindrical s teel  projectile 
(Zppi-uLmiiieiy i5, GOO i r jsecj  on thin plates of aluminum ( iU75, 2024-T3 and 6061-T6), 
titanium (75-A) and magnesium alloy (HK-31A) were preseutcd in Progress Report No. 2. 

The progress  made during this report  period can be summarized a s  follows. 

1. 

2. 

3. 

4 .  

5. 

6. 

7. 

6 .  

9. 

10. 

Additional impact data were obtained with the 0.090- and 0.063-inch aluminum 
(606 1 - T6) bumpers. 

Impact data were  obtained with 0.125- and 0.032-inch aluminum (6061-T6) 
bumpers. 

Bumpers of plate glass and wire screen were tested. 

The 0.57-gram projectile m s  accelerated, with slight'prtmature fragmentation, 
to a velocity of 26,800 ft/sec. 

Projectile mass  tias lowered to 0.097-gram. 

Copper and glass  projectiles' were accelerated to high velocity (12,000 ft/sec). 

The evaluation of energy absorbers was started. 

Structures pressurized with water and gaseous oxygen w e r e  tested. 

High speed photographic coverage of the  impact phenomena were obtained. 

The principles of meteoroid protection were elaborated further. mt 
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FOREWORD 

This report  was prepared by the Materials Research Group of General Dynamics/Astro- 
nautics on National Aeronautics and Space Administration Contract, NA4S-8-875, "Study of 
Principles of Meteoroid Protection". The program i s  administered under the direction of 
.UL. iier~r-y L. :riariin of tne Physics and Astrophysics Branch, Research Projects Division. > e -  

D r s .  R. F. Rolsten and W. H. Steurer of Genera! Dyna~ics/,4s!r=nautics a r e  responsitie 
for  the study, organization and technical direction of the work performed. In addition to the 
forementioned, the principal contributors to  this phase of the invest ibt ion are hlessrs .  
H .  H.- Hunt, J. N. Wellnitz, J. E .  hlathews and H. Anderson. 

The report  contains the resul ts  of the studies performed between 2 October and 
29 December 1961. 
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I. IXTRODUC TION 

Xumerous investibations have been carried out during the past  several  yea r s  because 
of the obvious significance of meteoric particle damage to space vehicles. These investiga- 
tions a r e ,  however, primarily concerned ivith the theory of hq-pervelocity impact and the ek- 
pcrimental assessment  of the related phenomena. On the other hand, designers have pro- 
posed se\ era1 schemes and confibrurations for protecting vehicles from meteoric particles,  
partly supported by very isolated and inc0nsistc.d ~ ~ y r i z x z t z . !  <as. A paucity oi pertinent 
cicsipp information has resulted from the concentration of the research programs on the im- 
pact phrbnomena occurring between like materials and u i t h  sc.iiii-infinite* plates; a simplifi- 
cation u w d  to  reduce the niimher of variables in a very complex system. 

Theory and design hai.e gene rally follo\vcd s;(.pai'ate paths and presently, there are 
only a f e w  attempts being made to integrate theoretical concepts and recognized phenomena 
i n  the tlc.\.elopment of structural  systems. The prime prerequisite for  the establishment of 
realistic design c r i te r ia  is a sxstematic esperimcntal rc-scharch investigation, carried out on 
materials and structural  configurations that are useful in actual vehicle design; such a sys- 
tematic approach is being conducted in this research program. The approach selected in the 
presentation of the resul ts  will permit a n  expeditious alteration and revision when new en- 
vironmental or  other parametric data become available. 

From the standpoint of the meteoroid bumper concept, a space vehicle s t ructure  is 
composed of three components: 1) the void (or  material  sandviched) h e h e e n ,  2) the main 
hull, and 3 )  the nicteoroid bumper. 
particle and dispersing i ts  energy o\'er a larger area of the main hull, the sandwich mater ia l  
(if used) may reduce the damage from spall, and the niain hull must have sufficient strength 
t Actually, the 
three components function a s  an entity, hut for the 3naIysis of engineering mater ia ls  during 
hJpervelocity impact, each component must be considered phenomenologically. 

The bumper must be cnpahie of fragmenting the meteoric 

t ra3sftr the momentum of the impacting particles without being penetrated. 

In the previous progress  report, primary emphasis was placed on the interaction be- 
tLveen projectile and bumper and to  the establishment of numerical data on the significance of 
total m a s s  and spacing. The purpose of the  present progress  report i s  to  refine the prelim- 
inary data and to develop tentative concepts into a s:nthesis of the individual relationships in  
order  to provide an optimum minimum-iveight protection system. This in turn, required the 
c.stah1 ishment of additional parametric data on the projectile composition, projectile mass ,  
bumper mater ia l  and structure,  e n e r a  absorbing fi l ler  m3terials,  and on the behavior of 
pressurized hulls. 
phenomena occurring pr ior  to, during, and after impact. 

High speed photographj. riquipment has been utilized in order to study the 

* -4 semi-infinite plate has sufficient thickness to eliminate all free surface effects. 
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11. ro-r.?i L ILASS ..nu SPACING TO PRETEST PENETILATIOS XSD/OR SPALLATION 

ThC nluniiiium ( ( ; O c , l - T t i )  bumper and \ ehiclt. hull* w e r e  suhjected to normal impact 
f rom c \ploSl\ el\  AccelcArated projcc*tiles 1% ith a 1% elocity of npprosimately 15,000 ft,/sec. 
Criterla for  a satihfnctol-v 1)uinper-hull and mass-distance arrangement were based on the 
\ ehicle hull not bc ing pcnr~tratC~(1 or crackcd: i .  e .  , thc hull plxte must be cnpahle of maintain- 
ing p s  pressure after impact. 

In cjruer 10 inL.esiigak ur1ij tile :jiiiiipr T i x i ~ ~  ~ z c !  :;t.-,zratic~ dictrrficg:, f n i . i r  h l 1 r n F r  

thicknesses (0. 125-, 0.090-,  0.063-  mtl  0 .  Ozz-inch) \\.ere uscd. The distance of sep:lration 
for xiyen tom1 mass per unit a rea  \vas incrt.3scd until tho test panel did not crack on im- 
p3~':. Dcfinition 
of the, S F I X I J ~ I > ~ = *  used in  the figures n w  suniniriricd inTable II. For esample,  experiment 
J - 2 0  dcsipntct i  .ARB, indicates that thc projectile: A struck the target nearly flat, B, frag- 
mented to a slight cstcmt 1,c.fore contacting the I ~ u ~ i p c ~ r  :tnd E, had nn impact velocity in the 
rarigc~ of 1 2 , 0 0 0  to  16,000 ft/sec. 
i t  sh-Iuld be chscrvcd that conditions corresponding to  BXC o r  BAD are more severe. 

Pr s r t i nen t  t h t r i  arc' summarized i n  Table I' * and Figures 1 through 5 and 7. 

Although the c1c.sirc.d imp:ict conditions a r e  .LAC or AAD, 

* The tes t  panel is comprised of a bumper and the main wall of the vehicle hull. 

* *  Table I in this report is a continuation of the data given in Table 1 of Report No. 2. 

+ * *  Sote that the symbols designating the velocity limits for the reliability code given in 
I 

Report S o .  3 have been modified (by direction) in this Report. I 
3 
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Table I .  Summary of Impact Data* (Continued) 

VEHICLE fiCLL PI.4TE (TARGET) 

B V U E  
Pi  hETKATED CRALKED os B.\CK 

(DEPTH) H t l C t i T  I \  
(1 nc he s ) LX c tI  t I 

SO 

Yc- 

SiL 

.YO 

YCS 

so 

Y e s  

s o  

so 

Yes 

Yes 

Yes 

Y o  (0.44") 

So (0.36") 

so (0.38'7 

NO (0.3r-3 

Yes 

x e s  

So (0.48") 

so 

so  

Yes 

Yes 

Yes 

Yes 

Nt. 

Nt 

Nc 

- 

05'  

1- 

. 3 ;  

0 . i '  

.04" , 

SIl* 

G L S E R 3 L  RE.M.4RKS ASD THOSE 
PERTAI.XISUC TO THE VLHICLE HCLL 

5 Crvere 

3 Cra te r s  

7 Cra te r s  

Prt ,  m.at ure pellet breakup 

~ 1 . 4 5 "  oia. hole Ln p l d c  

Eclct.jir.un Fibrrg:as.  Spacecraft Corp.. 10 cratrrs 

i a.1 I .,%. !- , s p . ~ ~ ~ r a f t  Corp .  

Feu rr.inor nlckb on \chicle hull pl- 

Coi7;'l. !itr.rg:nr Lr.%uiatmg board 

Cvm'l. fltwrp!ss 1n6uI;ltmg board 

3 holes 2 crater.  

3 

Crater  M a .  0 . 7 5 "  l ip  .12" 

Crater  0.9" x 0 . 8 "  dla 

Cra te r  0.7" dta 

C r u e r  din. 1.0'' 

0.50 dla. holc 

2 pertorations of P h I e  0 .1"  x 0 2"  & 0.15  ' dia 

0 .4"  dia. 0 .08"lIp 

Good distrlhutlon of fragments 

0 45"  ma. hole in plate 

0.45 dia.  hole in plate 

0 . 4  & a .  bole in plate 

0 2 x 0.4" hole m plaxe 

4t,>ortwrs.  Steel and Copper hopctiles) 

5 
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’ A  

Hc’l \D 
\ @  

\ -  1J2 

\-:33 

\-  12 ~ 

G 9 3  

\ - : : S I  

x-120 

\ -  !42 

0- 52 

G 6 T  

-6. 

h-145 

D-: 59 

D-: 50 

D-152 

D-14; 

D i 4 s  

Dl16 

D l 5 1  

\-116 

5- 122 

S-123 

S-124 

5-125 

s-127 

S-131 

RE L 
CODE 

.LAC 

CAC 

CCB 

C.+B 

.+AB 

CAC 

.M B 

BCB 

n.4c 

. U A  

ABA 

- 

ABB 

ABB 

CR.4 

AM 

AB B 

A 

ACB 

ABB 

BAB 

CBB 

CB B 

CBB 

P R  <\‘E C TI L E  
3L\T€ RLAL 

HL‘3IPER 
THIc’RSESS 

CORL 
MAT ERlAL 

4 12O-Steel 0 i T A  

0 i 6?0  

0 . 5 7 , S  

0 5760 

0. :Ti0 

0 L714 

u j 7 6 2  

0 5 i 4 4  

0 3-3-  

0 JY3? 

0 .  j723 

0 . 5 7 2 6  

0.6319 

0.63j5 

0.6593 
b 

0.6603 

0.6i06 

0.6330 

d 21 

0.2135 

0 1 ! 4 3  

0.2143 

0.2123 

0.2129 

0.2150 

IG. 200 

i a .900  

I5  200 

12 500 

l 2 . 5 0 0  

16.200 

14,700 

13 200 

1:.-’00 

10,200 

10.900 

14.000 

13.200 

15.200 

10.400 

10.600 

12.600 

11,400 

14.000 

14.600 

13.600 

12.500 

13.000 

14,iOO 

4 19 A I  

A I  

AI 

AI 

AI 

A I  

AI 

A1 

AI 

A1 

AI 

AI 

M h - K  1300 

POPS b iUm 
Titanate 

Min-K 2000 

Potassium 
T l t a ~ t e  

EG FitK.rglaS 

0 .063  

0 063 

0 063 

0 .063  

0 063 

0.063 

0 063 

0.063 

0.063 

0 .  Ob3 

0.063 

n 032 

1 . 0  

1.0 

1 5  

1 . 5  

1 5  

1.5  

1 . 7  

3.0 

3 . 0  

3 . 0  

3 . 0  

2 0  

32 1 EC Fibvrglas 

E G F  13 

Potas bium 
Titanate 

F i h  rglas 

3‘0 

E 63 

Fikrglas  

Mm-K 1300 

Min-K 1300 

None 

AI 

AI 

AI 

A I  

A1 

3 i 8  

4 51 

321 

359 

0.090 

0.090 

0.090 

0.090 

0.050 

None 0.2.; 

0.50 

1 . 5  

3.0 

4 . 0  

None 

Sone 

None 

413O-Skcl N O M  

A1 

A! 

A I  

AI 

A I  

A I  

2 3d 

25: 

- 

0.032 

0.032 

0.032 

0 . 0 3 2  

0.032 

0.032 

None 

Sode 

None 

Zone 

Sone 

Hone 

0 25 

. ” -  
I .-.I 

0 .  7 5  

2 25 

6 . 0  

3 
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Describe 

ORIENTATION 

A. Projecti le s t ruck 
h * r m r \ n r  " r r l r r p *  n n q r 1 . r  . I--- - J f lqt - - - -  

B. Projecti le s t ruck 
bumper on edge. 

C. Impact angle not 
indicated. 

the Projecti le Impact Conditions 

I 
I 

I 
1 INTEGRITY I31 PACT V E LOCIT Y* 

I 

I 
A .  No projectile frag- A .  Velocity less than 

mentation prior to 
contact with the 
bumper. 

1 2 ,  000 ft / sec  

I 
12, 000 and 16,  000 ft /scc I 

B. Very little p re -  B. Velocity bct\veen I 

mature fragmen- 
tation. 

I C. Moderate pre- C.  Velocity betsveen 
mature fragmen- 
tation. 

16,000 and 20,000 f t  ',ec 

D. Velocity betxveen 
20,000 and 25,000 ft /sec 

i E. Velocity b e b e e n  
25,000 and 30,000 ft/st'c ! 

r I '  
I !  

I I 

1 1  

. i  

1 
i l  
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ID. TNVESTIGATION OF BLXPER EFFECTIVENESS 

A.  Solid Metal Bumper 

A discussion of the preliminary high velocity impact data obtained with the 
0.57-gram steel projectile and the 0.090- and O.OG3-inch aluminum bumpers w e r e  presented 
in Progress  Report No. 2. The importance of bumper spacing on total weight reduction, 
damage to the bumper (back-splash and projectile fragmentation), and vehicle hull damage 
dependence on momentum transfer per unit impact a rea ,  were presented phenomenologically. 

piriimiiibiy data 'have now been veriiied and a reliable curve can be drawn through the 
experimental points. 
.m- - - - T  

Note that in a number of instances, u.ith copper projectiles or with glass  bum- 
pers, experiments, which did not result  in the complete penetration or  cracking of the test 
panels, were not repeated with a reduced spacing. Experience has shown that whenever a 
pronounced bulge appears on the rear surface of the test  panel, a small  reduction in spacing 
will result in complete penetration and/or cracking. 

1. Aluminum Bumper, Type 6061-T6, 0.125-Inch Thick 

Four 0.125-inch aluminum bumpers with a spacing from 0 .5 -  to 2.25- 
inches have been subjected to impact from the 0.57-gram steel projectile. The data, al- 
though incomplete, a r e  in concordance (Figure l) with the reference curve (see Figure 9) 
derit-ed from all  the impact data produced in this program. 
the change in total weight (fixed bumper thickness plus variable vehicle hull) per area with 
distance of separation between the bumper and vehicle hull. 
coded for easy reference.  
Table ll for the experiment (Round No.) designated 0-80 CAB, etc., in Figure 1. 

The reference curve represents 

All experimental points are 
For example, a description of the impact conditions are given in 

2. Aluminum Bumwr.  T v ~ e  606.1-T6. 0.090-Inch Thick 

The experimental impact data for  0. 090-inch thick aluminum bumpers 
subjected to impact from the 0.57-gram steel  projectile were given in Report No. 2. Re- 
sults f rom four additional experiments (0-64, 0-65, 0-58, and 0-90) a r e  in agreement with 
those previously presented and all data pertaining to 0.090-inch bumpers are siimmarized in 
Figure 2. 

3. Aluminum Bumper, Type 6061-T6, 0.063-Inch Thick 

The experimental impact data for 0.063-inch thick aluminum bumpers 
subjected to impact from the 0.57-gram projectile were given in Report No. 2. Results from 
four additional experiments (0-66, 0-82, 0-86, and 0-87) are concordant with those previous- 
ly presented and all data pertaining to 0.063-inch bumpers are summarized in Figure 3. 

7 
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4. Aluminum Bumper, Tlpe 6061-T6, 0.032-Inch Thick (0.57-Gram 
Stee 1 Projecti le) 

The experimental  impact data for 0.032-inch aluminum bumpers  sub- 
jected to impact f rom the 0.57-gram steel  projectile a re  summarized in Figure 4. ' h e l v e  
e q x r i m e n t s  \vere made with test  panels that weighed from 11. 03- to 5. ?4-lb/ft2 and with a 
spacing from 0.25-  to 4.0-inches. 

Projecti le orientation a t  the time nf i m p r t  with thp h ~ m p r  
crit ical .  This orientation manifests itself in the fact that any selected bumper-vehicle hull 
system of fixed spacing and total weight per unit area will perform as designed when the flat 
face oi the projectile s t n k e s  the bumper, but, will be penetrated when the edge of the pro- 
iectile s t r ikes  the bumper. 
:ases and will not depend on \vhcther the projectile s t r ikes  the bumper flat o r  on edge. Haw- 
tver, the momentum per impact area upill be considerably g rea t e r  when the edge of the pro- 
ectile s t r ikes  the bumper: consequently, projectile fragmentation will be less and damage to 
he main hull of the vehicle will be greater. 

J 

The total momentum fo r  the projectile will be identical in all 

Due t o  the sensitivity of the 0,032-inch bumper system t o  projecti le 
rientation, a s e r i e s  of experiments were made with each tes t  panel combination in order to 
btain valid resul ts .  A projectile striking an  edge which failed t o  completely penetrate the 
u l l  or a projectile striking flat which did completely penetrate the hull would justify a change 
1 spacing. 

The open squares  in Figure 4 indicate the total weight and spacing used 
hile the closed and open circles indicate the extent of the tes t  panel damage. This method 

tion, may or may not be penetrated. 
reporting the data was necessary since the same test panel, depending on projecti le orien- 

5 .  Aluminum Bumper, Type G061-T6, 0.090-Inch Thick; Copper Projectile 

Six tes t  panels ivith 0,090-inch aluminum (Type 6061-T6) bumpers  were  
1jt.cLt.d to i m p c t  ivith explosively accelerated copper projectiles* that were  1/4-inch in 
meter  hj. 3/37-1nch thick and \veighed'* 0.63-gram. The data, in c i rc les ,  are summar- 
d in Figure 5 and can be compared t i  ith the data (solid line) obtained with the impact of a 
el projecti le on the 0.090-inch thick aluminum bumper (Figure 2). 
.e betxeen the two sets of data  is obvious. 

The excellent concord- 

I 
The copper 3nd 4130 steel  projecti les a r e  of identical geometry and have a mass of 
0.63- and 0.57-gramy respectively. The electrolytic copper is 99.9 percent pure 
ivith the specification of QQC-502. 

Consult Table I f o r  exact weights. 
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The craters produced in aluminum (6061-T6) by the copper and s teel  
prcjccti les of identical s ize  and shape but \vith a slightly different mass  (the copper was 
13. 3 percent hea\.ier than steel)  can tw compared f rom t h e  data given in Table 111 and 
Figure 6. The non-hemispherical, some\vh:it cylinclric*al’ c r a t e r  produced by the steel  pro- 
lectile \vas 0 .  GZS-inch i n  d iameter  and 0. i l9-inch tlccp: hme\ .c r ,  the copper projectile pro- 
c1ucc.d ;L ra ther  s h l l o ~ s  c m t e r  that [vas nearly hc~misphc~rical’ (0. 75-inch d iameter  and 0. 44- 
i n c h  clchcp). 
behaved as a semi-viscous fluid during penetration, t h u s  dcJveloping the essentially semi-  
htarnispherical c r a t e r  \\.hic‘n is norniai i u i  i l l i s  pciic-: i-z:j~,fi ;;;; c.f.,anisz-,. 
velocities, steel u.ould be e.qxctcd to  behave similarly.  

Coplwr ,  1 . 1 ~  virtue of its lo\v mclting point a n d  grt’atcr plasticity than steel ,  

.A2 himhpr .. ’e..‘ imnrrpt ---- ~ - - .  

B. Glass Bumpers 

Four ;est panels \vith 0. 09-l-inch plntc ~1;is.- !Jumpers ivere subjected to impact 
The (lata, in squares ,  ivith c.splosivel\. a c c t l e u t e t i  stctxl projcctilcs that \i c,ig;hcc! ( 1 .  57-gram. 

a rc  summarizc9d i n  Figure -5 ant1 can be compared \vith thc tiata (solid line) obtained with the 
impact of :I steel  projectile on the 0. 090-inch thick :ilunlinunl bumper (Figure 2). The glass 
bumper completely fragment~bd on impact making it inipossililtb to determine the projectile 
orientation and intcgrity at  the instant of impact. 
pers as B, C ,  o r  D. 

This ncLct*ssitated coding of the glnss hum- 
The c-xcaellent concordance bc.t\+c.en the> two se t s  of data is obvious. 

The extent of damage inflicted on a main 1 chicle hull that w3s protected 
(Rmnd KO. 0-60) \vith the 0.094-inch thick platc g lass  bunipcr spaced 1.5-inches from the 
hull i s  shown in F i p r e  7 .  
t ime and resis tance to  completely fragment the s teel  projectile traveling at 17,500 ft/sec. 
The c r a t e r  was  i r regular  and the a r e a  surrounding the cmtc-r !\.as heavily pitted. 
that  the pits were produced from fragments  of glass, b u t  metallographic and spectroscopic 
study** will be required for  verification. 

This brit t le and amorphous bumper mater ia l  provided sufficient 

It appears  

C.  N‘ire Screen Bumpers 

Sixteen-mesh, 0.035-inch aluminum scree:i \i as used as a bumper in two ex- 
per iments  ivith a 1.0-inch spice betiveen the bumper and main hull of the vehicle. 
per in experiment 0-94 \vas composed of two layers of s c r c t n  tihich were  pressed  together. 
Impact f rom the 0.55-gram steei  projectile travclilig ;li l;, 200 f t /sec preduced 0.49-inch and 
0.7-inch diameter  holes in the f i r s t  and second screens ,  respectively. 
(6061-Tcj) vehicle hull was not penetrated, but a 0. 4-inch c i rc le  of mater ia l  w a s  spalled from 

The bum- 

The aluminum 

* Note that the c r a t e r  is not amenable to precise  mr.asuremcnt due to the i r regular i t ies  
in the c r a t e r  wall, lip, etc. 

9 
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the back surface of the plate. 
screen. 
hole in the screen.  
plug which tapered t o  0.4-inch. 

The bumper in experiment 0-95 was composed of one layer  of 
The s teel  projecti le,  traveling a t  14,300 ft/sc>c, produced'a 0.49-inch by 0.50-inch 

The main hull w a s  penetrated and produced a 0.8-inch diameter shear  

The mesh of the wire screen \\.as smal le r  than the projectile and permitted the 
steel projectile to partially fragment on inipact. It should bc noted that the screen had nu- 
merous impact holes, but thes.e were produced by the spray  of mater ia l  splashed back from 
the 0. 623-inch thick aluminum plate. This information was determined from the direction 
rnar rne broken w i r e s  surrounding the hole were bent. 

11/12 
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IV. PRINCIPLES OF IIETEOROID PROTECTION 

The influence of material  strength in semi-infinite ta rge ts  i s  of pr ime importance in 
the low impact velocity o r  unbroken prolectile region, but is greatly diminished a t  the impact 
velocity' of approximately -1, 000 ft,/sec. 
broken prc)jc.ctile 7onc, ivhich immediately precedes the f l u i d  impact region (Figure 8). With 
a fur tht>r  1ncrt':ise in impact 1-elocity, the effect of target Ytrt'ngth continues to  lessen. At 
:ippro\imatel- 10, 000 ft/sec, the penetration in snit c o p p r  is only 12 percent grea te r  than in 
hard cop~>car. 
of thti otiserved &ita indicates that ptbnetration \I ould l,e affected \ e r y  little by target  strength 
at velocities of the o rde r  of approximately 20,000 ft /sec.  

Impacts :It this velocity are in the transition or 

Impact at  this velocitv is \vel1 into thc fluid impact regime, and extrapolation 

;I .<ingle thicl.; plate of insterial  cannot !)e cons i r l c~ r~~d  for  use in the construction and 
protection of a space \.chicle since thca vehicle \\oultl 1.x t r r )  heai.y to n1oi.e from the ear th ' s  
: i tmo~phci- t~.  T n  ntidi;ir,n, a singli thick plate cloc~s not f u 1 x i s h  the maximum protection for 
Its thickness and ivt.ight per un i t  art'a. 
shock i i r ~ v e s  through materirrls and to the reflection of shock ivai 'es a t  free surfaces  which 
may 1c.acf to sIu113tion. 
\.elocity and can also cause (Jstensive damage to the inter ior  of a vehicle. 

This paradox c:ln ~ J C  attributed to the propagation of 

JIateri3.l s p d l e d  from the inside surface can have moderately high 

An e n c l r p  exchange wccrs \\hen 3 high vclocitj- projectile s t r ikes  any t a r g e t  material .  
The projectile \vi11 f racture  o r  deform and mush-out as a fluid as the target mater ia l  impedes 
t h c  fornard  motion of the projectile. The fluid projectilc. t e n d s  to t u r n  itself inside out which 
incrc.:i.ws the diameter  and resul ts  in  the eruption and dispersion of some of the particles in 
thc. tiircction of the incident projectile.. The t3rCc.t mntcri:il, \vhcn subjc>cted to  the impact 
f w m  the. hish \ clocity projecti le,  \vi11 behave as a fluid ivith almost ze ro  shear  strength. 

T\vo cases  must be considered. 

A .  Cast'  I Thc Ikalatively Thin** Single Plate 

Projectile irnpLct**+ at  ;il)out 20, 000 ft,'sec on a rclnti\.cly thin** single target 
piate \\ i i i  k : i d  initi:iiiy to  pr3jcctile t i i sp r s ion  ;inLI/ui. fr;igriit.ntrition ririd initially the target 
\\.ill twt1:ii.e s imi la r  to a fluid (Point A ,  Figure 5 ) .  X large amount of energ?. is t ransfer red  
from thc projectile to the target ,  :md therefore,  t h t  target material  must he displaced under 

* Thc \.c.locity :it ivhich this transition occurs depends on the mater ia l  comprising both 
the target  and projectile. 

* *  "Relatively thin plate" in  contrast to a semi-infinite plate, refers to  the minimum 
thickness that cmnot  be punctured by a given particle. 

* ' *  Projecti le i m p c t  !vi11 be considered normal to  the target  surface. 

13  
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the directed hydrodjmamic forces. With the relatively thick plate or mass of material im- 
peding this fluid motion, the displaced fluid material i s  forced to move f rom the impacted 
free surface since the target i s  not penetrated. Concurrently, the projectile, and some of 
the disrupted target material ,  i s  still expanding and moving deeper into the target but at a 
slower velocity than the incident projectile; i. e. , the advancing particles of the projectile 
and target have  a steadily d e c r a s i n g  velocity corresponding to points A, B1, BQ, C1, and 0 
of Figure 5 .  At any particular instant, the target material will res i s t  the forward motion of 
the incident particles. Since the forward motion o r  particle velocity i s  steadily decreasing 
with time, the target material is forced to behave first  as a fluid !A tc Rs, Fig~rz  W J ,  +I.-- 

undergo the transition corresponding to  particle velocities from B3 to C1, and then exert  its 
strength properties in the particle velocity region from C, to zero. 

These deductions a r e  based on the fact that the diameter of the hole formed in 
a plate increases within limits with: 1) the thickness of the plate (see Figure 23 of Report 
No. 2): and/or 2) the decrease in material  strength. 

B. Case II The Single hleteoroid Bumper 

Projectile impact at  about 30, 000 ft/sec on a simulated vehicle structure,  
composed of 3 meteoroid bumper and main hull, will lead to projectile dispersion and/or 
fragmentation. 
time for energy exchange between the projectile and bumper plate is limited since the bumper 
plate is thin and is readily penetrated; however, the time i s  sufficient to permit the projectile 
to lose i ts  integrity, although the resistance presented by the bumper is insufficient to decel- 

That is ,  penetration of the thin 
bumper is ahvays in the fluid impact region and particle \.elocities will range from the initial 
impact velocity of Points A to I33 of Figure 8.  The projectile particles and shear  plug ma- 
terial  leaves the bumper and moves into the void* betxveen the bumper and the vehicle hull. 
Total momentum at the instant the particles move by the r ea r  face of the bumper is still 

‘quite high, but mamenturn per pirt icle is quite low due to the large number of particles 
p r  oduc ed. 

The material in the bumper will behave as a fluid (Point A, Figure 8). The 

I e ra te  the  particles from the high- to the low-velocity region. 

P 

This void pmii ts  the fonvard moving particles to disperse** into a more or 
l e s s  conical spray before contacting the vehicle hull. 
result in  a drast ic  reduction of the momentum per impact area on the vehicle hull, although 
‘the tot31 momentum \vi11 be almost unaffccted. Consequently, damage to  the vehicle hull from 
these numerous mdt.ratelx-high velocity (but v e r y  small) particles will be reduced. 

This dispersion of the particles will 

’ * This Lroid may o r  may not be evacuated and filled with an energy absorbing material. 

* *  Increase the distance between the particles. 
b 
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If the void is filled with an energy absorbing material ,  the velocity of the 
particles passing by the r e a r  face of the bumper may be significantly reduced before they 
contact the vehicle hull. Particle velocity may be reduced from the range of Points A to B3 
down to C1, or loner  (Figure 8). In this  case, the momentum per unit impact area of the 
fonvard moving particles contacting the vehicle hull is loivered by the particle dispersion as 
well as  the reduction in impact velocity. Consequently, the material  comprising the vehicle 
hull may be exposed to numerous partidles with vGlocitics in the range of Point C1 o r  lower, 
and the v c h ~ c l e  h u l l  should have high strength in o rder  to absorb,  without being penetrated, 
a l l  the energy of the impinging low velocity particles. 

It can be deduced that a void filled ith encrgy absorbing mater ia l  pro1 ides a 
Due to this discontinuity, discontinuity in t h e  penetration-impact vt&locity cur\ 'c of Figurt.. 5 .  

the total weight p r  unit a r ea  of the vehicle c a n  bti rcduccld. 
bumper must have mass, ivith no strength requirements, while the vehicle hull must have 
high strength to prevent penetration from the relatively low velocity particles. 

\Vith this  concept, the meteoroid 

C. Summary 

The effcctivencss of the meteoroid bumper depends entirely on i t s  mass :  i t  
does not need to  possess  strcngth o r  toughness since thc. impact processes  are fluid. 
principle permits a \vide selection of mater ia ls ,  and bumpers of solid metal, blate glass,  
nnd \vire screen have kwn  found to  be equally effective on the basis of comparable mass.  
Further  \\eight reduction of the bumper sJ.stcm can he ohtained by proper  spacing. 

This 

Supporting dnta haic h e n  estnhlishcd for steel projecti les Ivith a mass  of 
0 .  .;i-gram. Bun:prc ith a range of thickness of 0. '.I:;?- t o  0. 125-inch pro\ idtd the ncces- 
s:ir!. inipcc1:ince t o  t h i s  projectile to hring about frayii'ntlitian, thereby preventing ser ious  
~ l . i 1 3 1 a ~ c ~  to  the  \chicle hull. For a 6iLt.n hull thickness, t h c  corresponding minimum bumper 
mass  mny IJC otJt3i:ic.d f rom the established relationships bchvecn total weight and spacing. 
In  ~ c ~ i g t i t  conscious design, spacing should be at least  two inches. 

I 

Tht '  prc-limimry impact data ,?re summarized in Figure 9. 
ence c::m \w secn i n  the \.arious b u m p e r  mater ia ls  in\.estigated ivith a two-inch spacing. 
yond two inches: projectile orientation, fragmentation, etc. , do not permit an  accurate 
assessment: hoivever, the decrease in weight in the f i rs t  hvo-inch spacing i s  the most signi- 
ficant. 

Very little differ- 
Be- 

Additional experiments now in progress,  introducing the variation of projectile 
mass ,  absorber  material ,  and se\ .eral  parametric influences, are expected to provide further 
verification of the established bumper concept. 
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V. LOW 3MSS PROJECTILE 

An aluminum bumper, 0.032-inch thick, spaced f rom ze ro  to  s ix  inches f rom alumi- 
num \ ehicle hulls of variable mass ,  has been subjected to  impact f rom the 0.21-gram, 
cylindrical s teel  projcctilc 0.063-inch thick and 0. lG3-iqch in diameter.  
summarized in Fibwre I .  
f o r  a single thick plate requiring 3. 37  lb/ft2 to prei.cnt penetration, spallation, o r  cracking 
as a result  of impact f rom the 0.21-gram projectile. This can be compared to  12.43 lb/ft2 

several  tentatii e statements can be nude:  1) Penetration i s  less severe  with the smal le r  
projecti le;  and 2) the total [\eight per unit area for  m y  gi \en spacing between the bumper and 
iehicle  hull appears  to  be proportional to the thickness of a @\-en s teel  projectile. For  ex- 
ample, the thickness of the 0.57-gram projectile is 1 . 5  t imes that of the 0.21-gram projec- 
tile and the total iveight per unit a r e a  t o  prcient  penetration from the 0.57-gram projectile 
is about 1 .5  t imes greater. 

All impact data are 
It should be noted that a new fiducial point \vas determined (N-116) 

9. 57-m-o- nvninnt;ln T'hrlcn r l q t o  - - * x m t  1 . ~ ~  , ,n -n ;Ar \mrvA - - n l ; - ; - m . . . v  L..t ,.A-..:..<.A 4-n.. t h A  
I L 9 U L L  L U  I"* L L l C  b A L & A A L  p A V J L . C C L & L . '  A L I C d L  U L I C U  L I l U U C  V C  L V l l d l U L A L U  t ) L U l l l l l l l l L C l J ,  VYL 
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VI. PRESSURIZED STRUCTURES 

Space vehicles will have components pressurized with a fluid; gas and liquid fuel 
tanks, liquid working fluid fo r  radiators and gas for inflatable and manned structures.  Pres- 
surized s t ructures ,  especially liquid filled components, present formidable protection prob- 
lems due to the difference in materinls ,and component behavior when subjected to hyper- * 

velocity impact. 

The kineticenergy of a high velocity particle is delivered to  a liquid pressurized tank 
zt 1" zx t r c i~e l j -  high late. Since th is  e n e r a -  supplements the hoop tension existing in the 
vessel wall, failure can be expected at  the point of particle impact. This has been observed 
and preliminary puncture (projectile velocity c?f ipproxin:att!y ' I t , 000 ft /secj  will be followed 
by catastrophic ripping (Figures 10 and 11) of the vessel wall by stored energy due to the 
hoop tension s t resses .  Gas pressurized structures may behave in an entirely different man- 
ner (Figure 12). The kinetic energy is delivered to the walls a t  a slower rate  (relative to the 
liquid filled tank) due to the low gas density and low speed of sound. 
be e q x c t e d  via puncture, spa11 and continued flight of the hjperl-elocity particles through the 
gas and out the opposite side of the tank. Lf, however, the c rack  or  tear produced in the wa l l  
of the gas pressurized tank exceeds the critical crack length of the material  for the wal l  
s t resses  which prevail, catastrophic f racture  of the tank wall may occur just  as in the case 
of the liquid filled tank. 

Therefore, failure can 

In addition to these obvious hazards, other perils  exist  which are frequently not 
recognized. 
2 )  be subjected to a flash csplosion from the high L-elocity impact with a n  oxygen-rich pres- 
surized space vehicle. Also, liquid-oxygen propellant storage tanks may eliplode since they 
will contain both liquid and gaseous oxygen. 

F o r  example, an astronaut mag: 1) experience shock and/or concussion; and 

In orde r  to determine the extent of damage as well as to study the impact flash and 
explosions resulting from meteroric particle impact on osygen-rich pressure  vessels,  a six- 
inch diameter by six-inch long cylinder was fabricated with replaceable end diaphmp-s.  
I 1 ~ ~ ~ t -  k b t  containers were subjected to impact with the 0.188-inch diameter by 0.063-inch 
thick eqdosively accelerated steel  projectile. 

A. Test Panel No. 1 

The front and back diaphragms (0.025-inch thick) of the test cylinder w e r e  
fabricated f rom the 5A1-2.5Sn titanium alloy, and the system was pressurized to  20 psi  with 
pure gaseous oxygen. The 0.2110-gram projectile, with an impact velocity of 15,900 ft/sec, 
formed the 0.33-inch diameter hole and the 0.75-inch diameter oxidized and burned area in 
the front diaphragm (Figure 13). Impact with the titanium alloy plate iragmented the projec- 
tile but did not prevent particles f rom penetrating the r e a r  diaphragm. This rear diaphragm 
burned rapidly in the oxygen-rich environment and produced a burne+ut a r e a  of about four 
inches in diameter.  Ignition appears to have originated from at least  three points. 
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-1 
B. Test  Panel No. 2 

The front m d  back diaphragms (0.010-inch thick) of the tes t  cylinder were 301 1 
I 

e\Tra-full-hard stainless steel  and the system was pressurized to 60 psi with pure gaseous 
oxygen. The 0.2154-gram projectile, with an impact velocity of 13,600 ft/sec, formed the 
0.25-inch diameter hole (Figure 14) in the front diaphragm. Fragmentation of the projecti le 
~ 3 s  estensive as evidenced from the numerous small holes in the rear diaphragm. An ex- 
plosion \ {as initiated as a resul t  of the impact and the rear diaphragm was ruptured, but only 
after i t  u s  pcnetrated from the fonvard moving fragments. 
phragm were found. 

T\vo pieces of the rear diz- 

Se1:eral adciitiond i i i i F C i  tes ts  will he made with 0.1-gram projectiles* on 
aluminum, s ta inless  steel ,  and titanium alloy diaphragms, using liquid, gaseous, and liquid- 
gaseous oxygen systems.  The impact phenomena will be monitored with Fastax and 
high speed cameras .  

I 
Photographs of one tes t  cylinder Were obtained a t  the rate  of 25,600 frames i 

per second ( . c l O O O )  and an exposure t ime of one microsecond using a Beckman & Whitley, 
\lode1 326, Djnafax camera  (Figure 15). The projectile broke in a t  least two pieces as evi- 

1 e followed since the ent i re  area of the front diaphragm i s  obscured with the cloud of many 
rine particles of titanium alloy, titanium oxide(s), iron and i ron  oxide(s). Oxidation is quite 
rapid a s  eividenced from the progressive increase in illumination of this cloud of material. 

1 
I 

enced from the two flame je t s  shown in F rame  l of Figure 15. Details of the burning cannot 

* Project i les  weighing 0.097-gram can now be accelerated without fragmentation. 

1 



YXX. EYERGY XWSORBERS 

The e n e r o  absorbing o r  core mater ia l  must have moderate compressive and shear  
strength, lo\\ density, dlrection:ilit!- of n1eclianic:il p r o y r t ~ e ~  a i d  loir ahlation rates.  
ntidition, the  material  m u s t  not contribute to thc shocj, c o x  o r  to the fast  moving fragments.  
.\lso, it should bti cnpablc of reducing the ielocity of :ill p,lrtii~'les moiing toivard the main 
hull. 
energy absorbing material  i\ ill a lso ser i 'c  to support ,  - i1iIc*1,  and hold the bumper and main 
hull i n  their  respective positions. 

In 

Tht.i-ma1 stability. mcxlei-atc toughness, :inJ :i unAi.)r:i1 t c x t u r e  are a l so  desirable.  The 

Three insulating nut t>r ia l s  (fiherglas i n  F I ~ I I - ~  10 ,  l l i n - K  in Figure 17, and 
potaszium titanate in Fip.~re 1%) h:ii e h e n  su l ) i t  c-tt J t o  ijrclimiiiary impact i n \  <,st isation with 
0 .  <57-gram sttsel prol txt  t i les.  
the burnper thickness 1% :is held constant at  0. 063-inch. 

.I11 + t  -t pantlls \1e1-c f.ii)r1L.ltcd f rom 6061-TG aluminum and 

A 1. 5-inch thick pad of fi1)~~r'gl:ts \vas pI:ic.ctl i n  <,:r>.::ict \vith the bumper and a 1 .  5- 
inch spacing \1'35 provided t!t-t\vtc-n the fit)ergl:is m d  the n u i n  h u l l .  
projectilc \i.hilc> panel O - G q  \vas completely penetrated. 
since the projtlctile s t r u c k  the l)umper on edge. 
m odc~ ra tc> 1 y ir:i g me nte d du r i ng 3c c clc ration. 
3 rea  (panel 0-67) to  Ire r-educcld. 
thick pads of etig;e-gl-ain fihcrglris u.ith a densit). of I!) 11, ' ft3. 
tratcld since the projectile did not fragment prematurt.lJ- and  it s t r u c k  the bumper flat. 
ever,  panel S-119 \vas ywnc.tmted since the projectile s t r u c k  the bumper on edge. 

Paw1 O - G ;  defeated the 
These resu l t s  \vcre not unexpected, 

Th i s pc r r i i  I t  t t' d tht. momentum pc r unit impact 
In thc cast' of pinel  0-67,  the projectile was 

Panels 5-119 and S-120  \:ere fabricated from 1. 5-inch 
Panel 5-120 was not pene- 

How- 

"N.0 t es t  panels iic're fnt)l,iczitctl Lvith 3Iin K - l : ; ~ i ~ ~ .  P;inc 1 S-132 lvith a one-inch thick- 
ness pre\ cnted complc.tc pcnc.tr:itio::, :ilthough the i ~ : i i n  .% c,hiclc- hull \vas cracked. Panel 
S-l;;, \vith ;L thrce-inch thick1ic.s.: anti u.eighing 0. ?( ; t i  1'5 i!- less than pane1 5-132, was 
completely penetrated. 

' -7 

On the txisis of tht.s;c prc.liniinrir~. (iatx, I I  c':in 1)c c~onclutlc~d that energy absorbing 
mnterial  placed Iietxtc'n t h t d  !Junipvr and the m:tin hull af the i chicle \vi11 greatly improve the 
efficitsncy of the mctcoroid protc~ctlon sj-stem. For c u n i p l e ,  the tot31 weight per unit area 
c:in 1x1 Io\\c.rcd from nppro\im:itt.l> 9 . 2  to  5. 9 I\ ith the incorporation of a one-inch thick pad 
of fibrous potassium titanate. 

panel. 

It should lie recogxized th3t  fur ther  impro\.ement may be 
forthcoming, s ince panel S-13- m:ix not reprcscnt the  minimum spacing for  the 5.  93 lb/ft 2 
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TWO test  pmels  were fabricated from a honeycomb-core material, which is a differ- 
ent t>pe of energy absorber. 
made from 0.005-inch commercial  aluminum foil placed between 0.040-inch plates of 2024- 
TS6 Alclad. The honeycomb was bonded to the skins with Aerobond adhesive 422. This 
panel (Figure 19) was subjected to impact (in air) from a 0.063- by O.lg-inch, 0,2144-gram 
steel  projectile traveling a t  13,200 ft/sec. "Ivo small  fragments w e r e  broken from the pro- 
jectile. The two fragments and the remainder of the projectile penetrated the two-inch thick 
panel as  well as the 0.125-inch aluminum (6061-TG) plate placed 6.75 inches behind the test 

Test  panel I was composed of honeycomb with 0.75-inch cells*, 

--_- 1 -- L 1. _..-- 2 - C  ---- d - - L - - - : . - - l - -  A.- -  C -  L L -  -.-I--:--- 1 

p U l L A .  L A I C  l l U l l C J ~ U l l l l J  nU.3 U C I U L  I I I C U  C A L C l l a l b  C l J  UUC L U  L l l C  C A p l U b l V G  1 l l l P L - b .  

Test  panel IU was composed of honeycomb with 0.75-inch cells made with 0.005-inch 

This panel (Figure 20) w a s  
commercial aluminum foil placed between 0.050-inch plates of 5-ply Conolon 506. The 
honeycomb was tmndtd to the skins with Aerobond adhesive 422. 
subjected to impact (in air) from the 0.063- by 0.19-inch, 0.2108-gram steel projectile 
traveling a t  16,100 ft/scc. The hack sk in  was completely removed from the test panel as a 
result of the impact and the projectile fragments penetrated the 0.125-inch aluminum (6061- 
TG) plate placed 6 .  75 inches behind the test panel. 
due to the explosive impact. 

The honeycomb w a s  deformed extensively 

. 

* Plastilock 620 was used for  the intercellular adhesive. 

t ' 
II 

I 

I 
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vn1. PROJECTILES 

A. Physical State 

The physical state of the projectile apparently does not influence the penetra- 
tion damage to semi-infinite plates. 
aluminum*, liquid** mercury  and water  projectiles on 1100 and 2024 aluminum is given in 
Fippre 21. 
tration damage in 3024 aluminum, a t  the impact \.tlocity of 2231 ft /sec,  is directly propor- 
tional to the projectile density; P /D va lues  of 0.101, 0 . 2 7  and 1 . 3 9 ,  fo r  water ,  aluminum, 
and mercury projecti les,  respectively. 
due to the absence of anJ. pertinent data for liquid projectiles. 

Penetration dependence on impact velocity of solid 

Vnfortunately, the maximum liquid-impact velocity i s  2624. 7 ft/sec. The pene- 

This a n a l o g  cmnot  be ca r r i ed  out at high velocities 

B. Glass  Proiect i les  

Spherical glass  projecti les,  0. 15s-inch in diamcter  and weighing 0.075-gram, 
have been accelerated ivith a light gas gun. 
acceleration and struck the one-inch thick aluminum plate in vacuum. 
ing at 12, 000 ft/st.c, produwd a c r a t e r  that u a s  nearly hemispherical  (Figure 22); approxi- 
mately 0.19-inch deep, approximately 0.32inch i n  diameter ,  with a 0 . 0 2 -  to  0. \)a,-incn lip. 

Projectilc>s maintained their  integrity during 
One projecti le,  travel-  

* Presented  a t  t h e  Hj-pervelocity Impact Symposium, Denver, Colorado, 1961, by 
Dr. R. L. Bjork. 

* *  "A Study of Rain Erosion Testing Methods Tor  Supersonic Speed," D. E. Hurd and 
R. F. Holmes, WXDC Technical Report 53-173, Part VI, January 1960. 
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IS. PHOTOGRAPHIC AN-ALYSE OF TJIPXCT PHENOMENA 

A.  Low Speed Photographs 

The caliber . 3 0 - 0 6  projectile, with a velocity of 3030 ft /sec,  penetrated the 
0.125-inch and the 0.250-inch aluminum (6061-TG) plates spaced f o u r  inches apart  (Figure 
2 3 ) .  The d a m e t c r  of the hole in the f i r s t  and second plates are 0 . 3  and 0 . 3 5  inch, respec- 
tively, and can be compared to the initial projectile diameter  of 0.3-inch. The grooves in 
the v:~!! cf the he!(: in  thr. first plate correspond to the rifling on the projectile. 
of the impact u.ere taken a t  the r3te of 2536 frames per second (Figure 24). Frame No, 1 
shoivs the bullet and shear  plug fragments passing through the f i r s t  plate. 
sh0M.s: 1) the spray  of particles moving aivay from the front surface of the f i r s t  plate zt zn 
angle of approximately 42"; and 2) the impact flash and the bullet with the shear  plug frag- 
ments moving through the second plate; and 3) the lip formed on both faces of the f i r s t  plate. 
It should be noted from Figure 23  that the second plate u n s  st ruck with numcrous smal l  frag- 
ments as \vel1 3s the projectile. The hole has v e r y  smooth walls and appears to  have been 
fluid sometime during the penetration. 

Photographs 

Frame No. 2 

R. Moderate Speed Photographs 

The flash resulting from the impact of the 0.55-gram, 15,800 ft/sec projec- 
The first-two and second-two plates were 

The luminosity that is produced 
The four plates were  

The extent of damclge to each platc can !K suniniai-izcd as follohs: 

tile on four  spaced plates is gi\?en in Figure 25. 
msgnesium AZ-31A and aluminum 202-i-T3, respectively. 
is 3bove the bright sunshine ivhich appears  as the black background. 
completely penetrated. 

Plate 1. 'hvo holes: 0. 55- and 0.18-inch diameter.  

Plate 5.  Four-inch diameter of smal l  perforations. 

p!c:e 3 .  ~ j x - i ~ c h  dinn,rtrlr  cnf %mall  c r a t e r s  and a 1.5-inch diameter 
of perforations. 

Plate 4. Four-inch diameter of small  c r a t e r s  and a 2. 5-inch diameter 
of perforations. 

It can he seen that the impact flash at the surface of a plate is considerably grea te r  in volume 
than at the exit side. 
than a t  the r e v e r s t  side and the same phenomena occurs  a t  the opposite faces  of Plates 3 and 
4. This can be attributed t o  the fact that the flash a t  the front of the plate is produced by the 
impact of many particles,  and that not all particles penetrate the plate. The flash at the re- 
ve r se  side of the plate i s  produced by the particles which have penetrated the plate as well as 
those par t ic les  produced f rom the shea r  plug and via spallation. 

Fo r  e.u=irnple, the s ize  of the flash a t  the front of Plate 2 i s  g rea te r  

Some of the projectile and 

25 
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ar  plug particles continue on a straight line trajectory while some of the shear plug and 
11 material leaves the rear of the plate a t  an angle, which generates the luminoua cone 
is observed. 

C. High Speed Photographs 

High speed photographs of the impact phenomena were taken after fixed periods 
ipsed time with the Beckman & Whitley, Model 326, Dynafax camera.  Two different, but 
'esentative photographic sequences a re  shown in Figures 26 and 28; 

The photographs shown in Figure 26 were taken at 26,500 f rames  per second 

Three aluminum plates comprised this panel; the first two plates were 
00 frxncs pzr sez-ond). The impact velocity of the 0.58-gram projectile on the test panel 
9700 ft/sec. 
5-inch thick and spaced three inches apart, while Plate 3 was 0.250-inch thick andplaced 
inch from Plate 2. The projectile maintained i t s  integrity on acceleration, as evidenced 
I the uniform impact flash (Frame 1 of Figure 26) and inspection of the front surface of 
irst bumper plate (Figure 27). The dimensions of the hole o r  shear  plug varied from 
4- to 27/64-inch. The ball of material  (projectile plus shear  plug), as seen in Frame 1 
gure 26, was about 15/64-inch, u.hich is almost twice the diameter of the hole. Thus, 
n be deduced that either the projectile punched a hole in the bumper that w a s  originally 
:r and there  is rebound* in the bumper material  as the elastic s t r e s ses  in the main body 
I bumper relax, that luminosity increases the absolute volume, or that the ball of frag- 
a r y  material is increasing i t s  volume. This latter deduction appears to be the most 
ble, especially since the impact flash is spread over a 3.625-inch diameter circle 
r e  26) and the small c r a t e r s  and pit-marks over a 4 . 5 -  to  4.75-inch diameter circle of 
econd plate. These c ra t e r s  and pit marks are probably formed from the particles dis- 
d from the f i rs t  plate. 
?d from particles of the original projectile, s h c e  the impact velocity (9700 ft/sec) was 
)w to completely fragment and disperse the particles of the incident projectile. Material 
ng through the second plate impinged-on and cracked, but did not penetrate the third 

The main hole (15/32-inch) in the second plate w a s  probably 

The photographs shoivn in Figure 28 were taken at 25,800 f rames  per second 
3 frames/sec). The impact velocity of the 0.57-gram projectile on the test panel was 
0 ft/sec. 
used to  form the test panel. The projectile broke into five fragments on acceleration 
denced from inspection of the bumper plate (Figure 28). 
the bumper, three of them very  close together. These three fragments formed the 

(one-inch wide) cloud of material  that can be seen between the bumper and Plate 2 in 
? 1 of Figure 26.  The second cloud (7h6-inch wide) of material,.directly below the 
cloud, resulted from penetration of the bumper by the fourth projectile fragment. The 

Four aluminum plates, each 0.125-inch thick, with the spacing indicated 

Four of these fragments pene- 

- 

1' 
1: 
1 

I 
bound may account for about 10 to 20 percent. 
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incident particle vclocitr  ivzs sufficiently high to completely disrupt the integrity of the pro- 
jectile par t ic les  so that the cloud of fragments was dispersed over a large area of the second 
plate. In fact, the momentum per unit impact a r ea  was so low that the 0.125-inch plate was 
bent and only three smal l  holes were formed in the second plate. Two of these holes were 
barely through the second plate and produced small  nicks on the surface of the third plate. 
The third hole in Plate 2 \vas produced u i th  a fragment that formed a crater, but did not 

front surface of the fourth plate and produced the smal l  indentation seen in the appropriate 
photograph of Figure 29. 
\vas 0. 230-inch (0. 135-inch in the plate plus the 0.125-inch in the gap between Plates 3 and 4). 

t penetrate the third plate. The bottom of the c ra te r  in the third plate was pressed into the 

The third plate was not bent, and the depth of the punched mater ia l  

27/28 
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APPENDIX A 

PRQJECTILE ORIESTATIOX .?\?I'D FRAGhlENTATION+ 

The cylinderical projectile will t i l t  or  tumble during acceleration and flight to  the tes t  
panel. 
a c r a t e r  is formed: o r  2 )  if the projecti le has  a \cry high \.c>locity when it s t r ikes  and f o r m s  
a hole in a thin tes t  panel. 

Projecti le orientation effects are d i m i n i s h 4  n hen: 1) the tes t  panel i s  thick and only 

Different resul ts  are observed when a steel  pro!e.c.tilt' t r a ~  eling a t  10, 000 to  20,000 
f t / w c  s t r ikes  a thin plate o r  3 bumpc.red tes t  pnt.1. 3n c,dge impact produces deeper penetra- 
tion and more  estensii  e damage than a flat-fact impwt .  \Vhen a cylindrical projectile s t r ikes  
the  liuniper flat (see Figure 30) the hole (shear plug) fo rmed  in the bumper i s  round and the 
particles of projectile as \vel1 3s the fragments froni t h r ,  .hear plug produce a uniform pat- 
~ c i - i i  of sm311 c r a t e r s  in the main vehicle hull. Thc c!innic>ter of this pattern of smal l  craters 
depends, among other things, on the distance bc~ts\een thc i?uniper and the tehicle  hull. This 
d i s tmcc  pro\-ides time for the par t ic les  to increase tht , ir  (1ist:inct f rom each other;  i. e . ,  a 
c i rcu lar  cone of niaterial  is formcd u i th  the c o w  3.pe.r :it the r e a r  face of the bumper and the 
cone base at  the front face of the ieh ic le  hull. 
g rea te r  thc,  arca c,f the cone 113s~: consequcntly, the uniformlj. distributc>d par t ic les  impact 
u ~ e r  a la rger  area on the \chicle  hull. 
\ chicle hull manifests itself by reducing the damage to the hull. 

The further the hvo plates are apart ,  the 

This decrease in impact momentum per unit area of 

There  arc  significant differences i n  the impact pattc.rn(s) formed \$hen the edge ra ther  
t h m  the flat face of the projectile s t r ikes  the bumper. 
t ical  hole in the bumpcr as tvell as an  clliptical p t t c , l - n  o f  sinall c r a t e r s  in the vehicle hull. 
Ho\vc\er, the major  3 s i s  of the hole in the bumper does not coincide with the major  axis of 
the c r a t c r  pattern: i. e . ,  the major  dimension of the holy i n  the h m p e r  and the crater pat- 
tern are rotated 90 degrees  as seen in Figure 31. In :itidition, the particle distribution is 
not uniform, is concentrated in the cent ra l  region, and rc.$ults in g rea te r  penetration than ob- 
served \vi& a rlai Face irnpci. 

A n  edge impact will produce an  ellip- 

. 
Impact patterns on vehicle hulls protected by 3 bumper shoiv c r a t e r s  which could only be 

0.090- 
produced by discrete  particles.  
projectile and the a!un;inum shcar  p l u ~ ,  3n 0. ; 7 - g r ~ m  prnjectile was fired through 
inch bumper. 
f ragments  ivere recovcJred (0.03-11-, 0. 0353-  and 0.0113-gram) as Lie11 as a quantity of gray 
magnetic paraffin. 
occurred on one ,iurf:ice ni th  jagged fracture  on the opposite surface. These fragments  evi- 
drantlj \\ere from thc per imeter  of the projectile. 

hi a preliminary attempt to ascer ta in  the fate of the steel 

Three magnetic 

l l icroscopic  examination of these three particles showed that melting 

;I\ l~ lock  of paraffin \+as placed behind thc aluminum plate. 

* L%e Section In-A-4. 
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Figure 10. Liquid Pressurized Tank During Impact 
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